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Thin film Plasma polymerized naphthalene was formed by plasma 
enhanced chemical vapor deposition as emissive layer. The structure 
analysis revealed forming a conjugated polymer with a 3-D cross-
linked structure. By increasing the plasma power, the optical proper-
ties including UV-Vis, photoluminescence and electroluminescence 
spectra showed two domains with different behaviors. 
 
 
ABSTRACT:  Polymer light-emitting devices were fabricated utilizing plasma polymerized thin films as emissive layers. These 
conjugated polymer films were prepared by RF Plasma Enhanced Chemical Vapor Deposition (PECVD) using naphthalene as 
monomer. The effect of plasma parameters on the structure and optical properties of the conjugated polymers was investigated by 
applying different plasma powers. The fabricated devices with structure of ITO/PEDOT:PSS/ plasma polymerized Naphtha-
lene/Alq3/Al showed broadband Electroluminescence (EL) emission peaks with center at 535-550 nm. Fourier transform infrared 
(FTIR) and Raman spectroscopies confirmed that a conjugated polymer film with a 3-D cross-linked network was developed by C-
H bond rupture and ring opening process during the plasma polymerization. By increasing the power, ring opening process and 
cross-linking increased and the products were formed as highly cross-linked polymer films. In addition, as the plasma power in-
creased, the optical properties showed two domains, up to 200 w, the electroluminescence, photoluminescence (PL) and UV-Vis 
spectra red-shifted and broadened due to increasing the conjugation length, forming more complex polymer and rising the excimer-
ic emissions. At higher powers, a reverse behavior was observed. The conjugation length reduced and a change in the excimeric 
emission dominance has happened. Also, the relation between the film structure and plasma species was investigated using Optical 
Emission Spectroscopy (OES).  
Keywords: RF plasma CVD, Plasma polymerized naphthalene, Conjugated polymer, FTIR, Raman, Electroluminescence, 
Photoluminescence 
  
Introduction 
       Conjugated polymers represent a novel class of semiconduc-
tors indicating unique optical and electrical properties be-
cause of delocalized π band presence in their structure.[1-3] 
Great potential of forming as flexible and low cost thin films 
has made them a good option for optoelectronic device appli-
cations such as organic light-emitting devices (OLEDs), or-
ganic thin film transistors and photovoltaic cells.[4-6] Conju-
gated polymers combine the optical and the electronic proper-
ties of semiconductors with the processing advantages and 
mechanical properties of polymers. A major advantage of 
organic semiconductors is that their mechanical and optoelec-
tronic properties can be modified by changing their structure 
using various polymerization methods and wide range of 
available monomers.[3,7].       
    Conventional thin film fabrication methods such as spin coat-
ing and dip coating are easy and useful; however, it is difficult 
to avoid impurity and pin-hole defects in them. These defects 
have destructive effects on the efficiency of optoelectronic de-
vices.[8,9] On the other hand, chemical vapor deposition 
(CVD) and Plasma Enhanced CVD (PECVD) are solvent-
free processes to form polymer directly from starting mono-
mers.[8] Among these, PECVD is a unique technique for fabri-
cation of high quality and chemically stable thin films.[8,10] 
Plasma polymerization is initiated by collision between electr-
ically accelerated electrons and monomers. Collisions activate 
monomers in both gas phase and plasma-surface boundary. 
Then, activated monomers react with each other and substrate 
molecules and form a thin layer.[11,12] Thin layers obtained 
by PECVD are cross-linked, dense, pin-hole free, adherent to 
various substrates and with less roughness.[10-13] Also, by 
plasma polymerization, it can be possible to produce various 
polymers with different structures and thus different mechan-
ical and electro-optical properties from the same monomers. 
For example, by changing plasma parameters such as pressure 
and power, the resultant polymer cross-linking density, band 
gap and luminescent characteristics can be tuned.[12,14,15] 
In the past, some few works have been done about plasma po-
lymerization of naphthalene using RF frequency. One more 
recent work is C.Chang et.al [9] study on RF plasma polymeri-
zation of 1-ethylnaphthalene.  
   In the present study, we prepared conjugated polymer thin 
films by RF plasma polymerization of naphthalene as the mo-
nomer. A vaporizer was used to inject naphthalene vapor to 
chamber under temperature control to stabilize monomer 
flow rate and working pressure. We also investigated the effect 
of plasma power on the polymer structure and optical proper-
ties. The FTIR and PL spectra of the resultant polymers were 
compared. In addition, we reported the fabrication of a multi-
layer OLED with device structure of 
ITO/PEDOT:PSS/Plasma Polymerized Naphthalene (PPN)/ 
Alq3/ Al. Finally, the EL spectra of different plasma polyme-
rized films were compared for first time.  
Experimental Section 
           Naphthalene powder 99% from Merck Co. Ltd. was used as 
the starting monomer without further purification. Indium 
tin oxide (ITO) coated glass with a resistance of 25/□ from Al-
drich Co. Ltd., and quartz sheets were used as the substrate. 
Substrates were cleaned by ultrasonic using acetone and etha-
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nol and placed on the ground electrode. First the reaction 
chamber was evacuated less than 10 mtorr, then; naphthalene 
monomer vapor was injected to the chamber using a vaporizer 
(Figure 1). The vaporizer stabilized the monomer evapora-
tion rate using a temperature control system. Therefore, work-
ing pressure was fixed at 40 mtorr during the polymerization. 
The glow discharge was generated by a 34 MHz RF generator 
with a capacitive coupled mechanism and the plasma power 
was set from 50 to 300 w to form different polymers. Different 
polymerization times were set for various applying power to 
obtain layers with thickness of about 150 nm. 
  Figure 1. the reaction chamber apparatus 
             Optical emission spectroscopy (OES) of the Naphthalene 
plasma was used to understand the plasma environment utiliz-
ing an Avantes spectrometer. The chemical structure of thin 
film polymers was analyzed by FTIR and Raman spectrosco-
py. The FTIR spectra were taken using Bruker Tensor 27 spec-
trometer via KBr disc method. Also, the Raman spectra were 
recorded by an Almega Thermo Nicolet Dispersive Raman 
Spectrometer with a 532 nm laser beam and 30 mw laser power 
with 4cm-1 resolution detector. A Shimadzu UV-Vis spectro-
meter was used to detect UV-Vis absorption spectra. The PL 
emission spectra were observed by an Avantes spectrometer 
using a 405 nm laser beam.  
           For device application purpose, a multi layer OLED was fa-
bricated with following structure: 
ITO/PEDOT:PSS/PPN/Alq3/Al. Before plasma polymeriza-
tion, ITO substrates were spin-coated by a PEDOT:PSS thin 
layer with thickness of about 40 nm. After plasma polymeriza-
tion of naphthalene, a thin layer of Alq3 with thickness of about 
20 nm was coated by thermal evaporation. Finally, an AL layer, 
as the cathode, with about 200 nm thickness was coated by 
thermal evaporation. The EL spectra of the devices were 
measured by using a USB 2000 spectrometer and a Keithley 
pico-ampermeter. 
 Results  
            In plasma, monomers are activated via energetic electrons. 
The activation process of naphthalene monomers is initiated 
with C-H bond rupture reactions.  It is expected that by in-
creasing the power, electrons gain more energy. Therefore, 
bond rupture process was followed by the ring opening of the 
naphthalene and formed a 3D cross-linked polymer. By fur-
ther increasing the power, C-H bond rupture and ring opening 
increased and high energy electrons bombardment caused 
fracture of double carbon bonds and forming as saturated sp3 
bonds.  Therefore, polymer chains started to be formed as the 
highly cross-linked polymer. [9] 
             Optical emission spectroscopy (OES) was applied during 
the plasma polymerization for more understanding about the 
plasma environment. Figure 2 shows the OES spectra corres-
ponding to different plasma powers. 
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 Figure 2. OES spectra of the Naphthalene plasma discharge in 
different plasma powers 
Analyzing the spectra showed the presence of H (Hα at 656.2 
and Hβ at 486 nm), C (426.9 and 723.8 nm), CH (431.3 nm) and 
H2 (506.7 nm) spices in the plasma.[16-19] As the plasma pow-
er increased the relative intensity of the most spectral lines 
increased. It reveals the strong dependence of the spices con-
centration to the plasma power.[20]   Figure 3 shows the rela-
tive concentration of some important spices as plasma power 
increases. Here, each spectrum has been normalized to the 427 
nm C peak intensity. By increasing the plasma power, concen-
tration of H and C spices raised due to increasing the fragmen-
tation. It seems the fragmentation caused increasing C-H con-
centration at low powers, however, by increasing the power 
and dominance of dissociation process this amount decreased. 
Increasing C-H dissociation and producing free C spices in-
crease the probability of impacting carbon atoms to each other 
in the plasma phase and on the film surface which conceive 
polymerization process.  
 Figure 3. relative intensity of some OES peaks at different plasma 
power 
 
Figure 4) FTIR spectra of the naphthalene monomer and the PPN 
films prepared in different powers.  
             Figure 4 illustrates FTIR spectra of the PPN films at differ-
ent powers. All FTIR spectra showed bands at 780 and 3050 
cm-1 that are related to out-of-plane aromatic C-H bending 
vibration and aromatic C–H stretching vibration, respective-
ly.[6,9,21-24]  The peaks in 1500-1600 cm-1 region corresponds 
to C=C stretching bonds.[9] Also, aliphatic C-H stretching 
peaks at 2924 cm-1 due to methylene and 2856 cm-1 due to me-
thyl groups and aromatic C–H stretching vibration at 3050 cm-
1 were detected in plasma polymerized films.[21,24] Observa-
tion of saturated and unsaturated carbons and aromatic struc-
  
 
5 
ture in FTIR spectra verified the presence of conjugation 
structure in the plasma polymers. Comparison between the 
spectra of the PPN films and naphthalene monomer showed 
reduction of the aromatic C-H bonds during polymerization 
process. It suggests that the aromatic rings of naphthalene 
have broken during the plasma polymerization.[24] Also, the 
presence of aliphatic C-H bonds in polymer films confirms 
rings opening of naphthalene units and then re-bonding as 
methyl and methylene groups.[6,9,22,24] By increasing the 
power, aromatic C-H peaks became weaker due to more ring 
opening.[24] At high powers, the aliphatic C-H bonds became 
wider. It seems the C-H bonds have been broken by high energy 
electron bombardment and residual carbon atoms start to link 
together. Therefore, the PPN films start to be formed as highly 
cross-linked hydrogen free polymers.[22,23] The peaks lo-
cated at about 3480 cm-1 and 1600-1800 cm-1 region corres-
pond to O-H and C=O stretch modes.[21,22,25,26] It is clearly 
observed from OES spectra that there are not any major peaks 
related to Oxygen spices. Therefore, these are probably due to 
post polymerization reactions of retained activated radicals 
with Oxygen or water vapor contents of atmosphere.[22,23]  
 
Figure 5. Raman spectra of the PPN films prepared in different 
powers. 
             Raman spectra of the PPN films (Figure 5)  showed two 
broad peaks in 1300-1450 cm-1 and 1600-1850 cm-1 region due 
to the wide distribution of polymer chain lengths and less crys-
tallinity.[27] Although, it is difficult to identify the bands be-
cause of overlapping, the former region is probably due to the 
structure disorder of polymer films.[28,29] In the later region, 
the peaks at around 1600 cm-1 are related to graphitic carbon 
and suggest the presence of sp2 bonds in the polymer struc-
ture.[22,23,27] Peaks at about 1630-1700 cm-1 and 1750-1800 
cm-1  are attributed to carbonyl groups because of oxidation of 
the polymer film in contact with air.[29,30]  By increasing the 
power, a slight shift to the lower wave numbers was observed in 
1600-1850 cm-1 region. It seems that this shift is related to a 
increasing of the conjugation length.[27,31]  
 Figure 6a. Uv-vis absorption and PL spectra of PPN polymer 
films. 
 Figure 6b. PL spectra of PPN films fitted by Gaussian peaks.  
             UV-Vis and PL spectroscopies (Figure 6a) provided inter-
esting information about the optical properties of the polymer 
films. UV-Vis spectrum of plasma polymerized naphthalene 
showed broad peaks at 225-325nm, which is attributed to the π-
π* transition of the conjugated structure.[8,13,32] By increas-
  
 
6 
ing the power from 50 w to 200 w, absorption spectra showed a 
red-shift from 225 to 325 nm. It indicated that energy gap de-
creased as the plasma power increased. Increasing the plasma 
power caused a cross-linking increase and forming a longer 
conjugated sequence.[15] Further increasing the plasma pow-
er to 300 w caused a blue shift to about 300 nm that revealed an 
increase in the energy gap. It is attributed to the reduction of 
conjugation, probably due to double bond rupture of C=C be-
cause of energetic electrons bombardment at high powers. 
Moreover, PL spectra showed broad emission peaks in the vis-
ible region due to forming conjugated polymer chains with a 
wide distribution of lengths. For further analysis, the PL spec-
tra were fitted by several Gaussian peaks (Figure 6b) corres-
ponding to their major peaks and shoulders. The PL spectrum 
of the PPN50 included a peak located at 490 nm and three noti-
ceable shoulders at 450, 525 and 600 nm. This profile was well 
fitted by four Gaussian peaks located at 450, 490, 528 and 600 
nm. For PPN100, PL spectrum showed a new shoulder at 650 
nm while the shoulder located at 450 nm vanished. The Gaus-
sian profile indicated that the peak located at 490 nm de-
creased dramatically while the next peak was red shifted to 
535nm and became dominated and the 600 nm peak increased 
as well. For PPN200 the trend of growing the longer emission 
peaks was followed and 600 and 650 nm emissions increased 
while 535 nm peak decreased. The PL spectrum of PPN300 
showed a reverse behavior. Two longer wavelength shoulders 
decreased and the peak located at 550 nm increased.   
             The 450 nm emission might be due to the excited state of con-
jugated sequence. The 490 nm emission originated from Pi- 
stacks and peaks at longer wavelengths (at about 535, 600 and 
650 nm) are due to excimeric emissions.[33,34] Emissions at 
600 and 650 nm might be due to the inter-chain interaction be-
tween longer conjugated polymer chains. As plasma power 
and thus cross-linking increased, excimeric emissions became 
dominant. At higher powers, proper to cross-linking and po-
lymers conjugation length, dominance of different excimeric 
emissions changed. For example, at 200w increasing the power 
caused dominance of longer conjugated chains thus the 600 nm 
emission became the major peak. On the other hand, at 300 w, 
because of energetic electron bombardment, conjugation de-
creased, therefore, the 530 nm peak became dominant again. 
Overall, PL spectra trend to shift to longer wavelengths by in-
creasing the power due to increasing conjugation length ex-
cept for 300 w. At 300w high energy electron bombardment 
prevents to form more conjugated polymer. 
             For fabrication of a light-emitting device, the plasma poly-
merized naphthalene was used as an emissive layer. The struc-
ture of the device mentioned previously. Figure 7 showed the 
EL spectra of PPN based devices. The turn on voltage of PPN 
devices was about 6-12 v. 
 Figure 7. Normalized Electroluminescence spectra of the PPN 
based devices 
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The EL emission peaks were located at 535-550 nm. As the 
plasma power increased, a broadening of the emission bands 
occurred due to an increase in the complexity of the resulted 
polymers structure.[24] Like PL spectra, PPN300 showed a 
reverse behavior probably due to the fragmentation in the 
polymer structure because of high energy electron bombard-
ment. In addition, the broadening caused a decrease in color 
purity.[35]  All of the devices showed a stable spectra, however; 
the device with the PPN50 emissive layer had more stable 
emission during the operation.  
Conclusion  
             In the present study, we used the PECVD method for the 
purpose of synthesizing an emissive layer. The Naphthalene 
monomer was used as starting material and introduced into 
the reaction chamber under a highly controlled condition. We 
also investigated the effect of the plasma power parameter on 
the films structure and optical properties. OES spectra 
showed C-H bond rupture and increasing Carbon atoms con-
centration as the plasma power increased. It shows increasing 
probability of forming more cross-linked polymer in higher 
powers that is in agreement with theory. The structure analy-
sis revealed forming a conjugated polymer with a 3-D cross-
linked structure. Increasing the power caused increasing both 
conjugation and cross-linking except for the 300 w power that 
the conjugation decreased. In addition, as the plasma power 
increased the optical properties showed two domains: below 
200 w and higher than it. In the first domain the PL and UV-Vis 
spectra were red-shifted and became broader. These are the 
result of increasing the conjugation length and forming more 
complex polymers. Also, increasing the power and thus cross-
linking caused rising the excimeric emissions at 535, 600 and 
650 nm. In the second domain where the power increased to 
300 w, high energy electron bombardment caused decreasing 
the conjugation and dominance of the lowest excimeric emis-
sion band at 535 nm. All of PPN films showed broad EL spectra 
centered at 535-550 nm. The emission spectra became broader 
with increasing the power due to forming a wide distribution of 
conjugation lengths in cross-linked chains. The EL spectra 
made a reverse behavior as the power increased to 300 w. The 
present study reported a new method for applying the plasma 
to form conjugated polymers and possibility of using the plas-
ma power for engineering polymers with different structure 
and optical properties.   
References 
[1] R. H. Friend, R. W. Gymer, A. B. Holmes, J. H. Burroughes, 
R. N. Marks, C. Taliani, D. D. C. Bradley, D. A. Dos Santos, J. L. 
BreÂ das, M. LoÈ gdlund,  W. R. Salaneck, NATURE. 1999, 397. 
[2] Ullrich Mitschke, Peter BaÈuerle, J. Mater, Chem. 2000, 10, 
1471. 
[3] Organic light‑emitting materials and devices, Zhigang Li, 
Hong Meng, CRC Press, New York 2007. 
[4] J. Kalinowski, J. Phys. 1999, D 32, R179. 
[5] J.R. Sheats, H. Antoniadis, M. Hueschen, W. Leonard, J. 
Miller, R. Moon, D. Roitman, A. Stocking, Science. 1996, 273, 
884. 
[6] T.N. Bin, T. Ibrahim, K. Tanaka, H. Uchiki. JJAP. 2008, 47, 
794. 
  
 
8 
[7] A. Kraft, A.C. Grimsdale, A.B. Holmes, An-
gew.Chem.Int.Ed. 1998, 37,402. 
[8] R. Sun, J. Peng, T. Kobayashi, Y. Ma, H. Zhang, S. Liu, JJAP. 
1996, 35, 506. 
[9] Chun-Chih Chang, Yi-Hsin Chang, Kuo-Chu Hwang, Jwo-
Huei Jou, Arnold C.-M. Yang, Plasma Process. Polym. 2011, 8, 
215. 
[10] Xiong-Yan Zhao, Journal of Applied Polymer Science. 
2009, 112, 1858. 
[11] Plasma Polymerization Processes, H. Biederman, Y. Osa-
da, Elsevier Science Publisher, New York 1992. 
[12] M.S.Silverstein, I.Visoly-Fisher, polymer. 2002, 43, 11. 
[13] Z. Hai-feng, M. Yu-guang, T. Wen-jing, S. Jia-cong, T. Jian-
guo, L. Shi-yong, CHIN.PHYS.LETT. 1996, 13,794. 
[14] P. Favia, M. Creatore, F. Palumbo, V. Colaprico, R. 
d’Agostino, Surface and Coatings Technology. 2001, 1, 142. 
[15] E. Vassallo, L. Laguardia, M. Catellani, A. Cremona, F. 
Dellera, F. Ghezzi, Plasma Process. Polym. 2007, 4, 801. 
[16] C. B. LABELLE, K. K. GLEASON, Journal of Applied 
Polymer Science, 2001, 80, 2084. 
[17] G. Le Dû, N. Celini, F. Bergaya, F. Poncin-Epaillard, Sur-
face & Coatings Technology, 2007, 201, 5815. 
[18] T. Vandevelde, M. Nesladek, C. Quaeyhaegens, L. Stals, 
Thin Solid Films, 1996, 290-291, L43. 
[19] A.J. Choudhury, Joyanti Chutia, S.A. Barve, H. Kakati, 
A.R. Pal, Jagannath, N. Mithal, R. Kishore, M. Pandey, D.S. 
Patil, Progress in Organic Coatings, 2011, 70, 75. 
[20] M.C. Kim , S.H. Cho, J.G. Han, B.Y. Hong, Y.J. Kim, S.H. 
Yang, J.-H. Boo, Surface and Coatings Technology, 2003, 169 –
170, 595. 
[21] H. Jiang, W. E. Johnson, J. T. Grant, K. Eyink, E. M. John-
son, D. W. Tomlin, T. J. Bunning, Chem. Mater. 2003, 15,340. 
[22] T. Suwa, M. Jikei, M. Kakimoto, Y. Imai, A. Tanaka, K. Yo-
neda, Thin Solid Films, 1996, 273, 258. 
[23] K. Yase, S. Horiuchi, M. Kyotani, K. Yamamoto, JJAP. 
1996, 35, L657. 
[24] C. Seoul, W. Song, JOURNAL OF MATERIALS 
SCIENCE: MATERIALS IN ELECTRONICS. 2001, 12, 51. 
[25] Sang-Moo Park, Kenji Ebihara , Tomoaki Ikegami, Boong-
Joo Lee, Kyung-Bum Lim, Paik-Kyun Shin, Current Applied 
Physics. 2007, 7, 474. 
[26] M. C. Jobanputra, M. F. Durstock, S. J. Clarson, Journal of 
Applied Polymer Science. 2003, 87, 523.  
[27] Z. Huang, Li. Qu, G. Shi, F. Chen, X. Hong, Journal of Elec-
troanalytical Chemistry. 2003, 556, 159.  
[28] T. Suwa, M. Jikei, M. Kakimoto, Y. Imai, JJAP. 1995, 34, 
6503. 
 [29]  C. Yua, S. C.Wanga, M. Sosnowski, Z. Iqbala, Synthetic 
Metals. 2008, 158, 425. 
[30] J. Zhang, C. Liu, G. Shi, Y. Zhao, Journal of Polymer 
Science: Part B: Polymer Physics. 2005, 43, 241.  
[31] K. Hernandez, M. Veronelli, L. Favaretto, J .T. Ldpez Na-
varrete, D. Jones, G. Zerbi, Acta Polymer. 1996, 47, 62. 
[32] T. Mori, M. Kijima, Optical Materials. 2007, 30, 545. 
[33] T. Mori, M. Kijima, Journal of Polymer Science: Part A: 
Polymer Chemistry. 2008, 46, 4258.  
[34] T. Mori, M. Kijima, European Polymer Journal. 2009, 45, 
1149. 
[35] S. C.J. Meskers, R. A.J. Janssen, J. E.M. Haverkort, J. H. 
Wolter, Chemical Physics. 2000, 260, 415. 
